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Abstract
A baseball consists of a spherical cork core that is wrapped with two layers of rubber, three layers of wool, one layer 
of cotton, cement glue and one layer of cowhide. The respective nonlinear and time-dependent material properties of 
these layers make it challenging to capture the behavior of a baseball accurately over a range of impact speeds. As a 
result of this challenge, finite element models (FEMs) of the baseball typically treat the baseball as a single 
viscoelastic material where the respective material properties have been homogenized. These single-material models 
do not necessarily possess the same hyperelastic and viscoeleastic qualities as a real baseball, and these missing 
behaviors limit the applicability of these baseball models to simulate a bat-ball collision over a very narrow range of 
impact speeds. In the current work, a layer-by-layer approach is used to create a robust baseball FEM. The pill, which 
is a cork core wrapped in two layers of rubber, were subjected to bounce and compression testing at a wide range of 
impact speeds and compression rates. These data are used to tune the pill properties and ensure close agreement 
between experimental and FEM results. The remaining layers are added individually until the complete baseball is 
modeled and agrees closely with experimental results over a wide range of impact speeds. Possible applications for a 
new and improved baseball FEM include accurate simulations of baseball testing and bat-ball collisions. The 
improved ball model can also be used to predict performance of future bat designs not yet manufactured.
© 2012 Published by Elsevier Ltd.
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1. Introduction
Major League baseballs are constructed of a rubberized cork center that is wrapped in two layers of 
rubber, three layers of wool, a cemented cotton layer and a cowhide cover. Each of these constituent 
materials, have vastly different material properties that make modeling a complete baseball a challenge.
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As a consequence of the challenge presented in characterizing each of these material contributions,
typical baseball models homogenize the properties and treat the baseball as a single viscoelastic material
[1]. These single-material models struggle to capture the proper hyperelastic and viscoelastic properties of 
a real baseball and are only reliable over a narrow range of impact speeds. To create a robust finite 
element model (FEM) of the baseball, the nonlinear mechanical behavior and energy dissipation of each 
constituent material must be addressed.
A layer-by-layer approach was used to develop the finite element model of a baseball and is presented 
in this paper. The pill underwent bounce and compression testing at multiple impact speeds and 
compression rates. The resultant data were used in conjunction with DMA (Dynamic Mechanical 
Analysis) data to tune the pill model and ensure close agreement between the experimental and FEM 
results. The remaining layers of the baseball will be added individually until the complete baseball is 
modeled and accurately depicts the true behavior of a baseball over a large range of speeds.
2. Test Method
Compression testing was performed first to isolate and characterize the hyperelastic properties of the 
pill constituents, i.e. rubberized cork, pink rubber, and black rubber. Samples of each material were 
provided as solid spheres with diameters of 1.355 in. (3.44 cm) nominally. An Instron 4464 was used to
quasi-statically compress spheres of each constituent material 0.1 in. (0.254 cm) at 1 in/min (0.042 cm/s)
in accordance with ASTM F1888 [2].  Stress strain curves were also needed of each material as an input
to the FEM. Cube samples (1 in. (2.54 cm)) were machined from cured samples of each constituent and 
compressed to obtain the associated nonlinear load-deformation curves. After the cork and rubbers were 
properly characterized, a complete pill was compressed in the Instron 4400 using the same procedure and 
experimental parameters as the previous individual constituent compression testing. These results were 
used to tune a full pill compression model.
Impact testing was also performed in an effort to tune the viscoelastic description of the pill constituent 
materials. A drop test from a height of 72 inches (1.83 m) was performed on pill-size spherical samples of 
the individual pill materials and of the full pill. An air cannon was used to fire pill-size spherical samples 
of the constituent materials and full pills at speeds of 35 mph (16 m/s) and 60 mph (27 m/s) at a steel 
plate in accordance with ASTM F2845 [3]. The inbound and rebound velocity of the samples was 
measured using a set of light gates. The ratio of the rebound speed to inbound speed was used to calculate
the coefficient of restitution (COR). High-speed images of the impacts using the cannon were recorded 
using a Redlake HG100K high-speed camera at a rate of 30K images/second. These images were 
analyzed using ImageJ (freeware) to determine maximum compression and expansion of the samples 
upon impact with the steel plate as shown in Figure 1.
Fig. 1. Measurements taken from high-speed images on a 60 mph (27 m/s) impact of the pink rubber.
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A dynamic mechanical analyzer (DMA) was used to obtain the viscoelastic coefficients for each of the 
materials present in the pill. A shear sandwich clamp held two samples measuring 10x10x2 mm for each 
run. A temperature-step frequency-sweep approach was used.  The temperature started at 20°C and was 
incremented in steps of 10°C with an ending temperature of -120°C. The frequency was swept from 1 to 
100 Hz at each temperature step. The resultant storage modulus vs. frequency plots were recorded and 
transformed to the time domain. Time-temperature superposition was used to create the master curve for 
each constituent material. The master curve for the pink rubber is shown in Figure 2. Altair HyperGraph 
was used to fit the master curve with a six-term Prony series.  The fit is needed as an input for each 
constituent material in the finite element model. The DMA and impact testing provided all of the 
necessary parameters to model the behavior of the pill accurately over a large range of speeds.
Fig. 2. Master curve for the pink rubber with overlay of six-term Prony series fit.
3. Finite Element Modeling
All preprocessing for the finite element models was performed using Altair HyperMesh. The models 
were then processed in LS-DYNA v971 and postprocessed using LS-PrePost. In the pill FEMs, the cork 
center and surrounding black-rubber layer had contact defined between the two surfaces. This boundary 
condition was selected because it has been observed in pill dissections that the cork sphere does not 
adhere to the black rubber. The black-rubber and pink-rubber layers were fused in the model. The 
material model chosen for all three pill constituent models was *MAT_077_O_Ogden_Rubber.  Inputs 
for this card include mass density, Poisson’s ratio, order of the fit to the Ogden model, a load-deformation
curve with accompanying sample dimensions to allow for conversion to stress and compressive strain and 
up to six viscoelastic terms of a relaxation function, g(t), using a Prony series as given by,
JW *ie-ȕit (1)
where Gi is the shear modulus, ȕ is a decay term and t is time.
The compression FEMs consisted of a sphere being squeezed between a rigid bottom plate and a rigid 
top plate that was allowed to move down, mimicking the experimental Instron set-up. The pill was 
constrained such that the centerline of the pill was only allowed to move up and down. The criterion used 
to compare the experimental compression results with the FEM compression results was the resultant 
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load-displacement curve of compressing the pill 0.1 in. (0. 254 cm). Figure 3 shows (a) the beginning and
(b) the end of the compression FEM for the complete pill with the cross section of the pill visible.
Fig. 3. (a) Beginning state of compression; (b) End state of compression
The impact models consisted of a sphere being fired at a rigid steel plate at multiple speeds. To 
replicate the 72 inch (1.83 m) bounce test as an impact test, the law of conservation of energy was used to 
determine the velocity right before impact of the bounce. This law was then used again to determine the 
rebound height of the pill using the rebound speed. All air resistance was ignored in these calculations. 
The centerline of the pill was only allowed to move in the up and down direction. The criteria used to 
compare the experimental impact results with the FEM impact results were COR, impact force, and 
maximum compression and expansion of the pill upon impact. Figure 4 shows the (a) beginning and
(b) end of the impact FEM at 60 mph (27 m/s) with the cross section of the pill visible. Note the visible 
separation of the rubberized-cork center sphere from the adjacent black rubber.
Fig. 4. (a) Beginning state of Impact FEM at 60 mph (27 m/s); (b) End state of Impact FEM at 60 mph (27 m/s)
4. Results
The objective of the compression FEMs was to capture the hyperelastic behavior of the pill. The load-
displacement curves from the experimental compression tests were used to tune the hyperelastic 
properties of the pill. After completing parametric studies on element types, order of fit to the Ogden 
model, and the input load-deformation curve for the pill material-model cards, the pill compression model 
(a)                                                                                                           (b)
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was tuned to correlate very closely with experimental results. Figure 5 shows the load displacement 
curves resulting from the experimental and FEM compression. The FEM model results clearly fall in the 
middle of the range of experimental results, validating the parameters chosen to model the hyperelasticity.
Fig. 8. Comparison of experimental and FEM load displacement curves from compression.
The impact FEMs were used to calibrate the viscoelasticity of the pill so as to capture the COR and 
deformation of the pill upon impact accurately. Parametric studies on the viscoelastic coefficients led to 
the impact FEM results correlating very well with the experimental impact results at all three speeds. 
Table 1 shows a summary of the experimental impact results compared against the FEM impact results 
for all three speeds. The COR and maximum and minimum expansion and compression of the 
experimental and FEM impact results correlate very well over all three speeds.
Table 1. Comparison of Experimental and FEM Impact Results
Performance 
Parameter
Max Comp. 
Dia. (mm)
Max Expan. 
Dia. (mm)
                                               COR@27 m/s
Final Model 0.537 25.8 38.8
Experimental 0.517 23.9 39.2
Percent Difference 3.8 6.1 2.6
                                               COR@16 m/s
Final Model 0.602 28.8 37.0
Experimental 0.612 26.9 37.4
Percent Difference 1.6 5.3 2.6
                                                Bounce Height for 1.83-m drop (cm)
Final Model 82.0 32.1 35.6
Experimental 88.9 31.3 34.6
Percent Difference 7.6 1.0 1.3
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The pill was successfully modeled using the above approach to capture the hyperviscoelastic nature of 
the pill. A similar approach is currently being used to model the wool and remaining outer layers of the 
baseball to create a complete and robust baseball model.
5. Conclusion
A layer-by-layer approach was taken to create a robust finite element model of a baseball which can 
capture the hyperviscoelastic nature of each layer. Compression and impact testing were performed on 
samples of the pill constituent materials to tune the finite element models. DMA testing was performed to 
determine the viscoelastic coefficients of each material. Comparison of the load-displacement curves, 
COR, and impact deformation were used to verify that the finite element models correlated well with the 
experimental results. With the pill successfully modeled, the approach will be applied to the remaining 
layers in the baseball to create a robust baseball model that is useful over a wide range of impact speeds.
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